AiV correlations from the stopped K reaction on 4 He 
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We have investigated correlations of coincident AY pairs from the stopped K~ reaction on 4 He, 
and clearly observed Ap and An branches of the two-nucleon absorption process in the AY invariant 
mass spectra. In addition, non-mesonic reaction channels, which indicate possible exotic signals for 
the formation of strange multibaryon states, have been identified. 
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Recently, the existence of strongly bound _ft~-nuclear 
states, in particular, in few baryon systems [J, Q, has 
been intensively discussed. On the experimental side, 
possible candidates of few-body kaonic systems reported 
in stopped K ~~ experiments 0, 0, IE 0] were investigated 
in relation to their non-mesonic decay modes. Inclusive 
and semi-inclusive missing-mass spectroscopy using the 
4 He(stopped K~, N) reaction 0,13 showed its limitation 
in identifying relatively broad states due to the poorly 
known physical background shape originating from non- 
mesonic processes. Invariant mass spectroscopy via A 
and Ad correlations in stopped K~ reactions 0, 0, 
faced ambiguity in the discrimination of the signal from 
the direct and indirect contributions of the non-mesonic 
absorption processes, which are also poorly known. Thus 
a detailed study of the contribution of non-mesonic multi- 
nucleon absorption processes of stopped K~ is crucial for 
the identification of strange multibaryonic states, espe- 
cially for those with relatively broad widths. From the 
theoretical point of view, these processes are expected 
to be the primary source of the imaginary part of the 
.ftf-nuclear potential in the deeply-bound energy region 
where KN — > Y7r channels are suppressed, thus domi- 
nating the widths of possible bound states. Hence, the 
dynamics of the absorption processes play an important 
role in the decay mechanism of possible if-nuclei. The 
presently available information is from bubble chamber 
experiments which are mainly confined to measurements 
of total non-pionic capture rates of stopped K~ [loj ]. 
and the dynamical nature or even their existence are still 
speculative, except for those on deuterium There- 



absorption (2NA) exist as well-separable processes and 
to see whether or not any signatures for multibaryonic 
states can be clearly identified. 

The dynamics of the multinucleon absorption processes 
are most directly investigated by means of a coincidence 
measurement of back-to-back-correlated YN pairs from 
stopped K~ reactions, as 



K~ "JVJV" (NN) 
K~"NNN n (N) 



YN(NN) 
YNN(N) 



2NA, 
3NA, 



(1) 

(2) 



where X (X — N, d, ir, or 7) denotes an undetected 
particle X, and we adopt the terminology and notations 
introduced in Ref. 0] throughout the paper. Further- 
more, the possible di/tri-baryonic signals are expected 
to appear most clearly in the YN spectra, as 
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fore, comprehensive studies of non-mesonic reactions are 
indispensable to clarify whether or not the two-nucleon 



This Letter presents the successful measurement of AY 
pairs from the stopped K~ reaction in 4 He in the KEK- 
PS E549 experiment. 

Detailed descriptions of the experiment and analysis 
procedures for proton and neutron channels are given in 
Refs. and [§], respectively, and the present analy- 
sis scheme is covered by Ref. 0. The invariant 
mass (Mpn) spectra obtained from pN back-to-back and 
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FIG. 1: (a) The M p7T distributions for the pNir events. The 
shaded events are defined as A. (b) The M m ias spectra for 
Ap and An events, with three divided zones as defined in the 
text. 



vertical- ^-coincidence events (see the definition in Ref. 
Q replacing dp by pN here) show prominent peaks with 
~10 MeV/c 2 FWHM at the known mass of A with small 
combinatorial background. The events in the shaded re- 
gions of Fig. Q] (a) are defined as A. We identified 3076 
and 11003 Ap and An pairs, respectively, from ~ 2.5 x 10 8 
stopped K~ in the 4 He target. The angular region of 
— 1 < cos9\n < —0.6 was covered, where 9an is the 
opening angle between the A and N 3-momenta in the 
laboratory frame. 

When AiV pairs are detected in the stopped K~ reac- 
tion on 4 He, possible final states are ANNN, A^/NNN, 
ANNNn, and A^NNNn, where A7 originates from S° 
and NN includes d. These mesonic and non-mesonic 
final states are separated by reconstructing the missing 
mass, 



M mlss = y/ipinit - PA ~Pn) 2 , 



(5) 



where Pinit , Pa , and pn are 4- momenta of the initial state 
K~+ 4 Ke at rest, and the measured ones of A and N, re- 
spectively. The distribution of the M m i ss is shown in Fig. 
H] (b), for the Ap and An cases separately. In both spec- 
tra, three prominent components are found. Since M m i SS 
represents the total energy of the undetected system in 
its center of mass frame, the well-separated structures 
are considered to imply the contribution of three dis- 
tinct physics processes. We classify the events into three 
zones, A p / n , B p/n and C p/n , as defined by M mlss < m^ /n , 
m p/n < M mias < m^ /n , and m^ /n < M mlss , respectively, 
with dividing masses defined as m p = 2m n + 40., = 
m d + 25., m p = 2m n + m^o and = m p + m n + m,« 
in MeV/c 2 units. Therefore, the A p / n and B p /„ com- 
ponents must be produced in non-mesonic final states, 
while C p / n can originate from mesonic reactions. 

The correlations between the AiV invariant mass 
{Man) and the total 3- momentum (Pan) are shown 
in Fig. [21 together with the classifications introduced. 
The figure also shows selected colored and unselected 
dark spectra projected onto the Man and Pan axes, 
with acceptance curves for Man evaluated by assum- 



ing an uniform distribution in the 3-body phase space 
of 2 S 0/+ + N + N, and isotropic AN decay of 2 S 0/+ in 
its center of mass frame, taking the realistic experimen- 
tal setup and all efficiencies into account. In the spec- 
tra shown, acceptance correction is not performed yet, 
since it is mo del- dependent, due to which quantitative 
validity is restricted to a limited Man region around the 
ni4 Ho + m K ~ — Ittin thresholds. Without the classifica- 
tion, the Ma p and Ma„ spectra show completely different 
properties. In the unselected Ma p spectrum, no well- 
resolved peak structure is seen, and the whole strength 
is broadly distributed below the m,4 Hc + rn K - — 2m n 
threshold, as was also in the case of the FINUDA ex- 
periment 0. On the other hand, the unselected Ma b 
spectrum clearly shows three components, namely, the 
highest-mass peak located just below the mass thresh- 
old ni4H c + m K - — rrid, a broad continuum at around 
2200 ~ 2300 MeV/c 2 , and the lowest-mass structure to- 
ward the threshold of in a + m n ■ 

The spectra classified into the A p / n , B p / n , and C p / n 
components are interpreted as follows. The A p / n com- 
ponents as asymmetric peaks just below the threshold 
TO4 Ho + mn- — 2m,N with M m i SS close to 2mjv ', are inter- 
preted as the AAf branch of the 2NA process, 



K~ "NN" (NN) -> AN(NN), 



(6) 



where the undetected residuals are spectators of the re- 
action. The observed peaks are broader than the Man 
resolutions, ~ 5 (Ma p ) and ~ 7 (Ma„) MeV/c 2 rms in 
the respective mass regions, reflecting the inherited Fermi 
motion of the residuals. The spectrum shape of A„ is 
consistent with the one obtained by a compilation of a 
Ad spectrum 12fl , and the difference between the spectra 



A p and A„ in the peak position and width are well ex- 



plained by theory [13(. Therefore, this provides clear ev- 
idence for a Ap and a An branch of the 2NA process, and 
the existence of the 2NA is now established for the first 
time as a distinct process which is clearly separated from 
other non-mesonic reactions. The reaction branching ra- 
tio, BRa p / BRa jz ~ 0.1, provides a definite experimental 
evidence for the dominant contribution of deuteron-likc 
"pn" pairs with spin 5=1 and isospin 1 = 0, and the 
measured ratio is comparable to or even smaller than 
the theoretical estimate of ~ 0.2 The predicted 

dibaryon K~pp (M = 2322 MeV/c 2 , T mesonlc = 61 
MeV/c 2 ) may, if it exists, overlap with this 2NA peak. 
The formation probability, the decay branching ratio to 
the Ap channel and the spectrum shape accompanying 
the reaction chain, should be examined to test its pos- 
sible contribution to the observed peak. The reaction 
branching ratios, BRa p ~ 0.2% and BR& n ~ 2%, ac- 
count for only ~ 20% of the known ANNN branching 
ratio, 11.7 ± 2.4% 10], and this implies quite unexpect- 
edly that ~ 80% of non-mesonic A final states occupy the 
yet unassigned components Bat. 

The nature of the mysterious components B p / n , for 
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FIG. 2: A correlation diagram between Man (horizontal) and Pan (vertical). In the correlation diagram, M m i SS = const lines 
and the event classification zones, Ajv, Bjv, and Cjv are indicated. The Ajv, Bjv and Cjv components in each of the projections 
are shown by green, read, and blue lines, respectively. In the projections onto Man, the evaluated model-dependent acceptance 
curves are drawn by brown dotted curves, and related mass thresholds are indicated. 



which no single step reaction scheme of conventional 
processes accounts, could include signals of di- or tri- 
baryonic states, and it should be mentioned that A p +B p 
corresponds to the strength which had been attributed 
to a K~pp bound state in the FINUDA experiment H, 
and thus, further investigation is absolutely needed, as 
discussed in what follows. On the other hand, the C p / n 
components with M m i SS > 2Mn + are considered to 
be dominated by the quasi-free hyperon production pro- 
cesses, K~ "iV" (NNN) -> Yn(NNN), and successive 
S(A r ) — > AN conversion, which dominate the stopped 
K~ reaction (loj . 

The correlations between the momenta of the A and 
N are shown in Fig. [3l together with the overall and 
selected projections and acceptance curves. There, the 
A p /„ components appear as correlated pairs with the 
highest momenta. The nucleon momentum (Pjv) spectra 
of A p / n components are centered at ~ 540/580 MeV/c, 
respectively, with the FWHM> 100 MeV/c reflecting the 
Fermi motion, as predicted by PWIA calculation taking 
the nuclear form factor into account as well as in Ref. 
[l3l | . This contradicts the claim for the mono-energetic 



emission of N and Y [16[ (this aspect is clearly differ- 
ent from the situation observed on 6 Li [17f . in which a 
deuteron with a very small momentum (~ 50 MeV/c) 
leads to the reaction, i^~"d"( 4 He) — > S~p( 4 He) with 
monoenergetic protons). 

The Bp and B„ components show somewhat different 
behavior. The low- momentum tail of P n , which was de- 
tected due to the wide momentum acceptance, is pro- 
duced by spectators of any reaction. The B p component 
is centered at ~ 470 MeV/c on both P p and Pa- The re- 
scattering processes proposed to explain the FUNUDA 
bump |18[, 



or 



K- ll NN"(NN) -> AN(NN) 
N(N) -» N'N, 

K-"NN"(NN) -> AN(NN) 
A(N) -> A'N, 



(7) 



(8) 



where AT' and A' are re-scattered particles produced in 
the primary 2NA processes, account neither for the fact 
that both momenta are shifted toward lower values by 
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FIG. 3: A correlation diagram between 3-momenta of p and n (horizontal) and A (vertical). On the correlations, M m i SS = 
= m^, and = md are drawn by black, thick-gray, and thin-gray, with solid and dashed curves for cos#ajv = —1.0 and —0.6, 
respectively. On the projections, the Ajv, Bjv, and Cjv components are shown by green, red, and blue lines, respectively, and 
acceptance curves calculated for inclusive N and A events are drawn by brown dotted curves on P p , P n , and Pa (Ap side) 
spectra. 4 He(stopped K~ , N) missing mass (tribaryon mass) scales are shown on the top sides of the Pn spectra. 



nearly the same amount, nor for the very different B p /A p 
and B„/A„ ratios, and thus their contribution should be 
limited. The most probable contribution to the B p /„ 
components is a sequence of UN branches of the 2NA 
processes and successive EA conversion, 

K~ "NN" (NN) — > T,N(NN), 

t(N) AN. ( ' 

The observed distributions of masses and momenta are 
qualitatively consistent with this reaction chain. The 
possible contribution originates from the EAf branches of 
the 2NA process which are significantly larger compared 
to the AN branches reported here. The interpretation 
would not explain the known BRsnnn / BRannn frac- 
tion [Io| unless an unexpectedly strong EA conversion in 
the considered momentum region were assumed. There- 
fore, a quantitative estimation of the cascade processes is 
vitally important to deduce possible existence of multi- 
baryonic states in the same momentum range. The con- 
tribution of the electromagnetic decay, E° — > A7, can 



be estimated experimentally by taking the coincidence of 
AA'' and 7, and accounts for ~ 30% of the Bjv compo- 
nents. The ANN branch of the 3NA process, 

K~ U NNN" (AT) -> ANN(N), (10) 

for which its Ad branch has been observed very recently 
Q, is another possible source. However, this would re- 
quire an even larger branching ratio of the 3NA compared 
to that of the 2NA to account for the entire observed 
strength. 

One possible exotic interpretation for B p and B„ is 
the production of tribaryon states 3 S!^ =1 and 3 Sy =0 ^ 15 
respectively, and their decay to ANN or TPNN. The 
scales of the masses corresponding to the momenta of 
N in the reaction ((4]) are shown parallel to the momen- 
tum scales. If the peaks in the nucleon momentum spec- 
tra (red histograms) are interpreted in this way, their 
masses would be close to 3140 MeV/c 2 . Another possi- 
bility is the productions of the 2 S T= i dibaryon and its 
decay to AA^. The possible multibaryonic states enumer- 



5 



ated above are considered to have fairly broad spectrum 
shapes, and hence further investigations are required to 
allow such interpretations and deduce their binding en- 
ergies and widths. 

In summary, we have investigated Ap and An correla- 
tions from the stopped K~ reaction on 4 He, and observed 
at least two kinds of non-mesonic components in each of 
the channels. One consists of well-correlated fast Ap and 
An pairs, which are evidence for Ap and An branches 
of the 2NA process in 4 He, and their dynamical prop- 
erties have been revealed for the first time. The others 
are made of slower AN pairs, which could be interpreted 
as exotic signals of 2 Sy_i and/or 3 S^=o/i as wen as * ne 
cascade of EJV branches of the 2NA and successive EA 
conversion processes. 
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